Abstract. We empirically assess the relationship between population growth rate (k, a parameter central to ecology) and effective population size (N e , a key parameter in evolutionary biology). Recent theoretical and numerical studies indicate that in semelparous species with variable age at maturity (such as Pacific salmon, many monocarpic plants, and various other species), differences in mean reproductive success among individuals reproducing in different years leads to variation in k, and this in turn can reduce N e . However, this phenomenon has received little empirical evaluation. We examined time series of abundance data for 56 populations of chinook salmon (Onchorhynchus tshawytscha) from the northwestern United States and compared N e (calculated from demographic data) with the total number of spawners each generation (N T ). Important results include: (1) The mean multigenerational ratioÑ e /Ñ T was 0.64 (median ¼ 0.67), indicating that annual variation in k reduces effective population size in chinook salmon by an average of ;35%. These reductions are independent of, and in addition to, factors that reduce N e within individual cohorts (uneven sex ratio and greater-than-random variance in reproductive success). (2) The coefficient of variation of k was the most important factor associated with reductions in N e , explaining up to two-thirds of the variance inÑ e /Ñ T . (3) Within individual generations, N e was lower when there was a negative correlation between annual N i and k, i.e., when relatively few breeders produced relatively high numbers of offspring. Our results thus highlight an important and little-studied eco-evolutionary trade-off: density-dependent compensation has generally favorable ecological consequences (promoting stability and long-term viability) but incurs an evolutionary cost (reducing N e because a few individuals make a disproportionate genetic contribution). (4) For chinook salmon,N eH (an estimator based on the harmonic mean number of breeders per year) is generally a good proxy for true N e and requires much less data to calculate.
INTRODUCTION
Population growth rate (k) is one of the most fundamental parameters in ecology. A population's growth rate can be used to define its ecological niche (Hooper et al. 2008) , test life history theory (Seamans and Gutierrez 2007) , study dynamics of infectious disease (Bacaer and Ouifki 2007) , examine spatial patterns of autocorrelation (Jones et al. 2007 ), or evaluate biological consequences of climate change (Hone and Clutton-Brock 2007) , to name just a few applications. In addition, the mean and variance of k are essential in assessing population viability (Beissinger and McCullough 2002, Boyce et al. 2006 ) and evaluating effects of conservation measures for species at risk (Wisdom et al. 2000 , Van der Voort and McGraw 2006) .
In evolutionary biology, effective population size (N e ) plays a similarly central role. Effective population size, rather than census size (N ), determines rates of random genetic drift, allele frequency change, loss of genetic variability, and increase in inbreeding (Kimura 1983) . Effective size also determines the relative importance of natural selection and migration, which have predictable effects in large populations but can be overwhelmed by drift when N e is small (Felsenstein 1976) . Considerable interest has focused on the ratio of effective : census size (N e /N ), which can vary substantially among species (Frankham 1995) and might be very small in some (Hedrick 2005) . Understanding and estimating N e is particularly important in conservation of small populations, for which random processes can be a potent evolutionary force (Allendorf and Luikart 2007) .
In this paper, we consider the relationship between these two key parameters, one ecological, the other evolutionary. Recent theoretical and numerical studies (Nunney 2002 , Waples 2002 , 2006 , Vitalis et al. 2004 have evaluated N e in species that are semelparous but have variable age at maturity, life history traits that characterize Pacific salmon (Onchorhynchus spp.). Variable age at maturity is also found in many monocarpic plants, such as desert annuals (Venable 2007) , Agave spp. (Nobel 1992) , and many bamboos (Kitamura and Kawahara 2009) . Many invertebrate species with diapausing eggs, such as Daphnia spp. (Caceres and Tessier 2004) and copepods (Hairston and Munns 1984) , also have variation in time of maturity in spite of reproducing during only one season. Here, we use empirical data for over 50 populations of chinook salmon (O. tshawytscha) to evaluate the influence of variation in population growth rate and other demographic parameters on effective population size.
Evolutionary biologists use hypothetical ''ideal'' populations to make the concept of effective size operational. An ideal population has discrete generations, constant size, equal sex ratio, and binomial variation among individuals in reproductive success; if these conditions are met, N e ¼ N. However, few if any natural populations completely satisfy these conditions, with the general result that N e /N , 1. Within a particular generation, greater-than-random variance in reproductive success is the primary factor that reduces N e compared to N (Frankham 1995) . Semelparous, age-structured species also depart from the ideal model because individuals within a generation do not mate at random; instead, they mate only with others that mature in the same year, and the resulting progeny represent the lifetime reproductive success of those parents. Because N varies over time in all natural populations, mean reproductive success of individuals in different years will also vary, as will k. This means that, within any given generation, different groups of individuals will have different mean reproductive output, a fact that increases variance in reproductive success (among all the individuals within a generation) and reduces N e (Waples 2002 (Waples , 2006 . Notably, this will be true even if the individuals that breed each year are ''ideal'' in all other respects.
Previous studies (Nunney 2002 , Waples 2002 , 2006 ) evaluated how various demographic parameters (age structure, generation length, variance in N and k, method of population regulation) affect N e and N e /N. In this paper, we ask the following questions based on empirical data for chinook salmon: (1) What is the magnitude of reduction in N e and N e /N per generation associated with variation in population growth rate, and does this differ among life history types and geographic areas? (2) What demographic or life history characteristics are most important in determining the N e /N ratio? (3) How well does a simple method that uses a time series of abundance data perform in estimating true effective size in these populations?
METHODS

Selection of populations
We examined abundance data for 79 populations of chinook salmon from Washington, Oregon, Idaho, and California, USA, and 56 of these met our selection criteria (Table 1, Fig. 1 ): at least 10 years of continuous data, including yearly estimates of numbers of spawners (N i ) and naturally produced recruits (R i , adult spawners in subsequent years produced by the spawners in year i ). Data series ranged in length from 10 to 42 years and included populations at both high and low abundance. The populations can be grouped into two hierarchical levels. First, populations spawning in high-elevation tributaries of the Interior Columbia River basin are from a genetic lineage that is well isolated from other chinook salmon ; Fig. 2 ). These upper-tributary populations are commonly said to have a ''stream-type'' life history because as juveniles they spend an entire winter in fresh water before migrating to sea as yearling smolts, and as adults they begin their spawning migration in spring or summer and mature in fresh water (Healey 1991) . In contrast, most ''oceantype'' populations (in the Columbia River, in Puget Sound, and in coastal streams) are dominated by subyearling smolts, mature at sea, and spawn shortly after returning to fresh water. Second, within each life history type, the populations are drawn from multiple evolutionarily significant units (ESUs). Salmon ESUs are defined based on differences in ecological, life history, and genetic characteristics and are intended to identify groups of populations that are largely following independent evolutionary trajectories (Waples 1991) . Therefore, we expected that biological and/or ecological differences associated with life history types and ESUs might differentially influence effective population size.
We examined associations between estimates of effective size and several demographic characteristics that previous work suggests might affect N e . Mean N i varied by more than two orders of magnitude among populations, from 115 (Big Creek) to over 40 000 (Hanford Reach) ( Table 1 ). The coefficient of variation of population size was high [CV(N i ) . 0.5] in most populations. The number of years of data differed significantly between the two life history types, with means of n ¼ 18.8 years in ocean-type populations and 34.7 years in stream-type populations. However, as discussed below (Results: Factors associated . . . and Factors affecting . . . ) we found no evidence that results were sensitive to data series length. Mean age at spawning (which provides an estimate of generation length, g) was 3.5-4.5 yr in most ocean-type populations and between 4 and 5 yr in all stream-type populations (Table 1) . It is likely that actual generation length was slightly higher because older individuals tend to produce more offspring (Healey and Heard 1984) . We calculated an evenness age index for each population as I ¼ 1 À R A 2 x , where A x is the fraction maturing at each age (R A x ¼1). When all adults reproduce at a single age, I is 0 and takes a maximum of 1 À 1/a when A x is equal over each of a age classes. Values for most populations fell within a rather narrow range (I ¼ 0.5-0.65; Table 1 ).
The annual measure of population growth rate, k i ¼ R i /N i , is lognormally distributed in salmon (Peterman 1981) , so we used the geometric mean [GM(k i )] as an indication of population trend. The geometric mean was close to 1 in Puget Sound (mean ¼ 1.04) but was substantially lower in the Lower Columbia River (mean ¼ 0.72; 95% distribution-free CI ¼ 0.50-0.85) and Snake River spring/summer (0.68; CI ¼ 0.60-0.77) ESUs. The coefficient of variation of population size, CV(k i ), was generally high (.0.5), particularly so in many Columbia River populations. That is, although some populations had stable trends, many others were declining over the study period, and most had a high interannual variance in productivity.
Run reconstructions
Data for populations within the Puget Sound, Lower Columbia, Upper Columbia, and Snake Rivers spring/ summer and fall ESUs were compiled for a review of populations listed as threatened or endangered ''species'' under the U.S. Endangered Species Act (Good et al. 2005) . Other sources were: Interior Columbia oceantype (Peters et al. 1999) , Mid-Columbia (Beamesderfer et al. 1998, as updated Notes: We examined abundance data for 79 populations of chinook salmon from Washington, Oregon, Idaho, and California, USA, and 56 of these met our selection criteria. The evenness age index, I, was calculated as I ¼ 1 À R A and Rogue River (Whisler and Jacobs 2001) . Yearly estimates of N i were derived from surveys of redds (salmon nests) or counts of fish passing weirs or dams, expanded to population scale using estimates of available spawning habitat, pre-spawning mortality, and other factors (such as harvest) as appropriate. The description of expansion methods in Beamesderfer et al. (1998) is typical for other ESUs as well.
Yearly estimates of spawner ages were available for many populations, but in Puget Sound (and for earlier years in other data series) mean age structure was used. Age was generally determined from scales, occasionally from length. For each population, we obtained a vector of adult recruits (R i ) as follows. Spawners in each year were partitioned into cohorts based on A x values and assigned backwards to the parental brood year. For example, in year i, three-year-old spawners would be assigned as recruits to year i À 3, four-year-old spawners to year i À 4, and five-year-old spawners to year i À 5. The time series of recruits was necessarily one generation shorter than that for spawners. Some populations were influenced by naturally spawning hatchery fish. Because all natural spawners can contribute genes to subsequent generations, we included naturally spawning hatchery fish in the N i , but recruits included only fish whose parents spawned in the wild.
We have not attempted a formal assessment of effects of uncertainty in estimating key demographic parameters (N i , R i ) because published quantitative estimates of measurement error are not available; however, recent work suggests that the high variability in abundance seen among years for chinook salmon is not driven by measurement error (Paulsen et al. 2007 ). Instead, we attempted to restrict analyses to data sets for which sampling methods were consistent across years and comparable across populations. We believe that most measurement errors contributed random noise and perhaps have helped obscure some underlying patterns, but have not produced spurious results. We note, however, one potential source of bias that arises from random ageing errors: this will tend to overestimate the number of recruits (and hence k i ) for years with low N i . This occurs because such years generally produce relatively few recruits, and only a few of these are incorrectly assigned (by chance) to the wrong parental year. Adjacent years with higher N i will, on average, produce more recruits and hence more chances for a recruit to be incorrectly assigned to the year with low N i . A similar bias can result from using a long-term average age structure (rather than data for each brood year) to assign recruits to parental year (Zabel and Levin 2002) . Therefore, we expect there might be a general tendency to overestimate k i in years with low N i , which could downwardly biasÑ e /Ñ T . In the future, it will be important to try to quantify the magnitude of this potential effect in empirical data sets for which measurement error can be assessed.
Effective population size
We are concerned primarily with three quantities related to population size: N T , total census size for a generation; N e , true effective population size for a generation, andN eH , an estimate of N e obtained by the harmonic mean method. The total census size is simply the total number of spawners in the generation, R N i . It is also the product of the generation length (g ¼ R xA x ) and the mean N i within a generation:
which shows that N T is the same quantity obtained using the arithmetic mean method proposed by Nunney (2002) .
To calculate N e , we used the method described by (Waples 2002 (Waples , 2006 , which accounts for variations in productivity across years within a generation:
where R T is the total number of recruits produced by all spawners within the generation. This method accurately tracked the accumulation of inbreeding in modeled populations under a variety of scenarios (Waples 2006) , so there is a sound basis for considering the quantity shown in Eq. 2 to be the true effective size.
As Eq. 2 requires detailed demographic information, we evaluated an estimator that is less data intensive. Waples et al. (2004) . Geographic/run timing designations (A-E) are as illustrated in Fig. 1 .
whereÑ i is the harmonic mean of the N i . BecauseN eH weights years of low abundance more heavily, it will always be less than N T if population size varies.
As generation length for most populations was four to five years, annual N i and R i values were grouped into fiveyear generations, with the last generation ending with the most recent year of data. Within each generation, we calculated the quantities in Eqs. 1-3, using (separately) all five years and only the first four, and we also computed the ratios N e /N T and N e /N eH separately for the four-and five-year time series. A few populations had one year with estimated N i ¼ 0; we dropped these years from the analysis and used the remaining three or four years of data for that generation. Across multiple generations, rates of evolutionary processes scale with the harmonic mean of single-generation N e values (Wright 1938) . Therefore, multigenerational values (Ñ T ,Ñ e ,Ñ eH ) were calculated as the harmonic means of the single-generation values, and multigenerational ratios for each population were calculated asÑ e /Ñ T andÑ e /Ñ eH (see Kalinowski and Waples [2002] for discussion of multigenerational N e /N ratios). Note that, for simplicity, we drop the ''ˆ'' fromN eH for multigenerational values. The N e /N T values for four-and five-year generations were tightly correlated (all r ! 0.90 across all populations; P , 0.001), and a similar result was found for N e /N eH . Furthermore, Mann-Whitney tests found no evidence that either N e /N T or N e /N eH calculated from four-year and five-year generation length differed (U ¼ 1382, Z [approximate] ¼ 1.0795, P ¼ 0.28 for both). Therefore, for each population we calculated combinedÑ e /Ñ T and N e /Ñ eH as the geometric mean of the four-and five-year multigenerational ratios.
Across all 56 populations, the distribution ofÑ e /Ñ T was slightly skewed left (mean ¼ 0.64, median ¼ 0.67; Kolmogorov-Smirnov test, P , 0.019), so the median and distribution-free confidence intervals (after Hahn and Meeker 1991) were used to describe central tendency. However, within the two major life history types, and for each of the three ESUs with enough populations for meaningful tests of normality (Snake River spring/ summer, Lower Columbia, and Puget Sound), the distribution ofÑ e /Ñ T did not depart statistically from normal (P . 0.10 in all cases). Accordingly, we used the mean as a measure of central tendency and parametric statistics for these analyses. The distribution ofÑ e /Ñ eH , which (unlikeÑ e /Ñ T ) is not constrained to the range [0, 1], has a long tail toward higher values and is not normally distributed (Kolmogorov-Smirnov test, P , 0.01). Accordingly, we used the median as a measure of central tendency and nonparametric methods to test for significance. In evaluating correlations ofÑ e /Ñ eH with various life history variables, we found comparable results with and without a log transformation to account for nonnormality and hence report only the untransformed results.
Because we evaluated correlations of seven different variables in each life history type with bothÑ e /Ñ T and N e /Ñ eH , resulting in 28 statistical tests of the hypothesis that r ¼ 0, we also evaluated significance after correcting for multiple tests. Using the standard Bonferroni correction with a nominal a ¼ 0.05, the test criterion becomes P , 0.05/28 ¼ 0.00173. Application of the less conservative, modified false discovery rate of Benjamini and Yekutieli (2001) produced the same results, so only the former method is presented.
The statistical analyses implicitly assume independence of data points, and we have good reason to believe this is true with respect to connectivity. With the exception of two localities in Puget Sound (Bridal Veil and Wallace), all our populations have been determined to be demographically independent using the criterion developed by McElhany et al. (2000) for recovery planning in Pacific salmon: migration is low enough that it does not appreciably affect extinction risk over 100 years. We can't rule out some correlations in abundance due to shared environmental conditions, but the populations are distributed over a large enough geographic area that we expect these effects to be relatively small.
Finally, as multigenerational N e /N values are a function of single-generation ratios, it is also important to examine factors that determine N e within individual generations. We did this by evaluating an estimator that Waples (2006) found provides a good estimate of singlegeneration N e for some simulated data sets:
In this equation, k i is the mean number of gametes contributed by each spawner in year i (k i ¼ 2k i and hence is an analogue for population growth rate), k Ã is the mean of the k i across the years within a generation, and Cov(k i , N i ) is the covariance of k i and N i . The coefficient of variation of (k i ) is closely related to CV(k i ) except that the former applies to a single generation whereas CV(k i ) applies to the entire data series for each population. For each five-year generation in each population, we computedN e k and compared it with true N e from Eq. 2. To evaluate factors that affect this estimator, we compared the true N e /N T ratio each generation (Eqs. 1 and 2) with CV 2 (k i ) and the standardized covariance,
RESULTS
Reductions in N e compared to census size
Most single-generation N e /N T values were in the range 0.7-0.9 (Fig. 3A) , indicating that N e was reduced ;10-30% compared to census size. Multigeneratioñ N e /Ñ T was further reduced, to ;0.5-0.7 (Fig. 3B, 
Factors associated with reductions in N e
Annual variation in population growth rate had the strongest influence on effective population size. The ratioÑ e /Ñ T was strongly (negatively) correlated with CV(k i ) in both life history types (ocean type, r ¼ À0.80; stream type, r ¼À0.75; both P , 0.001; Table 3 , Fig. 4) . Linear regressions had slopes of À0.36 for ocean type, À0.38 for stream type, and À0.37 for all populations combined (Fig. 4) . That is, for each unit increase in CV(k i ),Ñ e /Ñ T was reduced by ;0.37. This pattern was nearly linear within the range of our data (CV(k i ) ¼ 0.4 ; 2.2; Table 1, Fig. 4 ), but this linearity obviously cannot continue much further becauseÑ e /Ñ T is constrained to positive values. Notes: N e is computed using Eq. 2, and N eH is computed using Eg. 3; the tilde (;) indicates these are multigenerational ratios computed as harmonic means. CI is the 95% confidence interval for the mean or median, as indicated; n p is the number of populations.
Value for ''All data'' is a median. * P , 0.05; ** P , 0.01; *** P , 0.001 for a one-tailed test that the ratio is ,1.0.
Variation in k leads directly to variation in N, so it is not surprising that a similar (albeit weaker) negative correlation was also found betweenÑ e /Ñ T and CV(N ) in both life history types (Table 3 ). However, after controlling for effects of CV(k i ), the partial correlation betweenÑ e /Ñ T and CV(N i ) was small and not significant (jrj 0.24 in both life history types). In contrast, after controlling for CV(N i ), the partial correlation betweeñ N e /Ñ T and CV(k i ) remained strongly negative (r ¼À0.70 and À0.69 for stream-and ocean-type populations, respectively). Thus, most of the correlation between CV(k i ) andÑ e /Ñ T was independent of CV(N i ), and annual variation in N provided little additional information aboutÑ e /Ñ T .
The ratioÑ e /Ñ T was not correlated with evenness age index (I ), mean population size (N T ), or time series length (n) in either life history type (Table 3) . Two factors (GM(k i ) and generation length) showed significant correlations in only one life history type, but these were not significant after correcting for multiple tests (Table 3 ). The general importance of these factors in shaping N e /N ratios might warrant further evaluation with independent data from additional populations.
Our evaluations of single-generation effective : census size ratios found similar patterns in both life history types: a strong, negative correlation between N e /N T and CV 2 (k i ) (stream type, r ¼ À0.64; ocean type, r ¼ À0.65) and an even stronger, positive correlation between N e /N T and Cov* (stream type, r ¼ 0.76; ocean type, r ¼ 0.85; all P , 0.001). These results show that, within individual generations, effective size is reduced the most when (1) annual variation in productivity is high and (2) k i and N i are negatively correlated (i.e., mean productivity is higher in years with a low number of breeders and vice versa).N eH as a proxy for N e A priori, if the harmonic mean method is a good proxy for true effective size, we expect that geometric mean N e /N eH ' 1, with a distribution skewed toward large values since this ratio has an upper bound of infinity. Empirical distributions of single-generation N e /N eH ( Fig.  5A) and multigenerationÑ e /Ñ eH ( Fig. 5B) both generally reflect the expected pattern. For all populations, a signed-rank test provides some evidence that mediañ N e /Ñ eH , 1 (S ¼À251, P ¼ 0.040); however, the 95% CI includes 1: median ¼ 0.94 (0.90, 1.01) ( Table 1) . Mediañ N e /Ñ eH was 0.93 (0.84, 0.96) for ocean-type populations and 1.01 (0.90, 1.11) for stream type. Although the median for ocean type was significantly less than 1 (S ¼ À151.5, P , 0.01), the difference between the two life history types was not significant (median two-sample test, S ¼ 13, P . 0.58). In Puget Sound, medianÑ e /Ñ eH (0.95) was less than 1 (S ¼ À46.5, P , 0.05), but CIs included 1 for the other two ESUs with sufficient data (Lower Columbia and Snake River; Table 1 ). A one-way Notes: N e is computed using Eq. 2, and N eH is computed using Eq. 3; the tilde (;) indicates these are multigenerational ratios computed as harmonic means. Coefficients that are statistically significant after correcting for multiple tests (P , 0.05/28 ¼ 0.00179) are in boldface. Abbreviations are: n, number of years of data; k, population growth rate; CV, coefficient of variation; GM, geometric mean; g, generation length; I, evenness age index. There were 33 populations in the ocean type and 23 populations in the stream type.
* P , 0.05; ** P , 0.01; *** P , 0.001 for a two-tailed, unadjusted test that r ¼ 0. Because of the nonnormality ofÑ e /Ñ eH , we evaluated effects of outliers, which we defined as populations for whichÑ e andÑ eH differed by a factor of two or more (i.e.,Ñ e /Ñ eH 0.5 orÑ e /Ñ eH ! 2). Four populations met this criterion: North Fork Nooksack (2.90; Puget Sound ESU), Upper Grande Ronde (2.45) and Valley Creek (0.49) (both Snake River ESU), and Rogue River (0.44; Southern Oregon ESU). Removing these populations did not materially affect results. Examination of spawner-recruit data suggests possible explanations for most outliers. HighÑ e /Ñ eH values were strongly affected by very low N i in a single year (N i ¼ 10 in 1990 in North Fork Nooksack; N i ¼ 3 in 1989 in Upper Grande Ronde). In the Rogue River, every year had at least 1000 spawners (soN eH remained fairly large), but N e was reduced by unusually high variability in population growth rate (CV(k i ) ¼ 1.62; Table 1 ).
To quantitatively evaluate performance of singlegeneration estimators of N e , for each five-year generation we calculatedN eH (from Eq. 3) andN e k (from Eq. 4) and compared results with the ''true'' effective size, N e (Eq. 2). We calculated the mean squared error (MSE) as the mean of d 2 j , the squared difference betweenN ej and N ej . For both stream-type and ocean-type life histories, the MSE forN e k was more than twice as large as the MSE forN eH . Therefore,N eH is a better proxy for singlegeneration N e thanN e k and is much simpler to calculate.
Factors affecting performance ofN eH
In both life history types,Ñ e /Ñ eH showed no significant relationship with CV(k i ), CV(N ), mean population size (N T ), or length of data series (n) ( Table  3) . A positive association betweenÑ e /Ñ eH and GM(k i ) was found in ocean-type populations but was not significant after accounting for multiple tests (Table 3) . In ocean-type populations, we found a negative correlation betweenÑ e /Ñ eH and evenness age index (I ); this remained significant after correction for multiple testing but not after removal of the two outlier populations.
Single-generation N e /N eH showed no relationship with CV 2 (k i ) or Cov* in either life history type. Because N e /N T was strongly influenced by both variables, we interpret this result to mean that effects of CV 2 (k i ) and Cov* onN eH were similar to those for N e .
DISCUSSION
Data for chinook salmon provide strong empirical support for predictions based on recent theoretical and numerical studies: that variability in a key ecological parameter (population growth rate) can strongly influence a key evolutionary parameter (effective population size). Most previous demographic evaluations of N e and the N e /N ratio have focused on factors (uneven sex ratio and greater-than-random variation in reproductive success) that reduce effective size for individuals that mate in a given season. If the species has discrete generations, the result can be interpreted as effective size per generation (N e ); if the species has overlapping generations, the result can be interpreted as the effective number of breeders (N b ) in a particular year. In semelparous species with variable age at maturity, the offspring produced each year represent the lifetime reproductive output of a group of parents, and an additional factor, annual variation in productivity (population growth rate), becomes important to consider because it increases the variance in reproductive success among individuals across a generation. We first review some of the major quantitative results before commenting on more general implications.
Magnitude of reductions in N e
Across all 56 populations, mean multigenerational N e /Ñ T was 0.64 (median 0.67), indicating that the level of FIG. 5 . Distribution of the ratio of the effective population size (N e ) to an estimate of N e based on the harmonic mean method (N eH ) in two life history types of chinook salmon. N e is computed using Eq. 2, and N eH is computed using Eq. 3. (A) Single-generation estimates (N e /N eH ) and (B) multigeneration estimates (Ñ e /Ñ eH ) were computed across all generations within each of 56 populations. The bins marked with a dagger include all values with N e /N eH . 2.0.
annual variation in k seen in chinook salmon populations reduces their effective population size by an average of ;35%. Reductions in N e were significantly greater for stream-type populations (meanÑ e /Ñ T ¼ 0.57; 87% of populations with values in the range 0.4-0.8; Fig. 3B ) than for ocean-type populations (mean ¼ 0.68; 82% in the range 0.5-0.9). These results reinforce and expand considerably preliminary conclusions by Waples (2002) , who estimatedÑ e /Ñ T to be ;0.4-0.6 for a single population of stream-type chinook salmon (Marsh Creek, based on a slightly shorter time series than used here).
To focus on genetic consequences of annual variation in population demography, our analyses have ignored deviations from ideal populations within years and implicitly assumed that N b(i ) /N i ¼ 1 each year. A comprehensive evaluation of effective population size should consider both factors: those that operate among individuals within years and those that operate among years within a generation. The two types of reductions are multiplicative (Waples 2002) . Previous studies show that most estimates of N b(i ) /N i in natural populations of chinook salmon fall in the range 0.1-0.4 (Shrimpton and Heath 2003, Waples 2004) . When these estimates are combined with those reported here, we arrive at the following comprehensive estimates for chinook salmon: N e /N ; 0.04-0.32 for stream type and ;0.05-0.36 for ocean type. This means, for example, that a typical population of stream-type chinook salmon with a total of 1000 spawners per generation would experience the same rate of genetic drift as a truly ideal population with only 40-320 spawners. The practical consequences are substantial: a population with N e ¼ 320 loses genetic variability over three times as fast as one with N e ¼ 1000, and the rate of loss is 25 times as high if N e is only 40.
In a review of published estimates (Frankham 1995) , the mean single-generation N e /N (accounting for sex ratio differences and variance in reproductive success) was 0.35. Our data suggest that this would be an upper bound to the N e /N ratio in chinook salmon. Frankham did find a lower mean value (0.11) in studies that also accounted for variation in population size across generations, but this result was obtained by dividing the harmonic mean N e by the arithmetic mean N, which will bias the multigenerational value downwards even if single-generation N e /N remains constant (Kalinowski and Waples 2002) . In contrast, the method used here to compute multigenerationalÑ e /Ñ T uses harmonic means for both numerator and denominator, so the multigenerational value is a direct function of single-generation values. Thus, our data suggest that N e /N in most chinook salmon populations is lower than mean values reported for other species.
Factors influencing the magnitude of reduction in N e
Previous studies using simulated data showed that high variance of k i was associated with high rates of allele frequency change (Waples 2002 ) and rapid increases in inbreeding (Waples 2006) . Our results are in accord with these previous findings: of the variables we considered,Ñ e /Ñ T was most strongly (and negatively) correlated with CV(k i ) (Fig. 4, Table 3 ). By itself, CV(k i ) explained 58% of the variance in the multigenerationalÑ e /Ñ T for stream-type populations and almost two-thirds of the variance for ocean-type populations. In both life histories, high interannual variation in k i had a strong association with large reductions in effective population size.
Variability in k i explains much of the difference in meanÑ e /Ñ T between the two life history types. This difference is driven by data for three ESUs that collectively hold 46 of the 56 populations (Table 2) . Relatively low mean values ofÑ e /Ñ T were found in Snake River spring/summer (0.55) and Lower Columbia River (0.56) ESUs compared to Puget Sound (0.77). The former two ESUs had relatively high mean CV(k i ) (1.19 for Snake River spring/summer; 1.04 for Lower Columbia) compared to Puget Sound (0.71). Thus, the difference in meanÑ e /Ñ T between stream-and oceantype populations can be attributed more to the relatively low variance in population growth rate found in one ocean-type ESU (Puget Sound) than to consistent differences between the major life history types. In contrast to the rather uniform juvenile and adult life histories of Interior Columbia stream-type populations , the ''ocean-type'' life history is actually quite diverse and encompasses a wide range of juvenile and adult patterns (Beckman 2002, Greene and Beechie 2004) . Ocean-type populations are also more heterogeneous than stream-type populations inÑ e /Ñ T , with means within ESUs ranging from 0.38 to 0.83 (Table 2 ). The two extreme values are for ESUs with only one and two populations, respectively, and hence must be interpreted with caution. Nevertheless, collectively these results suggest that local ecological and environmental factors that influence the magnitude of annual demographic fluctuations might be more important than the stream-type/ocean-type dichotomy in determining the N e /N ratio in chinook salmon.
Our empirical data show thatÑ e /Ñ T was reduced most in generations with an inverse correlation between k i and N i , that is, when low numbers of spawners were associated with high population growth rates (and vice versa) . This is important because the idea that population density affects k is a fundamental principle in ecology and fishery biology. If density-dependent compensation promotes high growth rates at low abundance, populations will tend to rebound quickly from depressed levels, which promotes stability and increases viability. But this comes at some evolutionary cost: when a small number of parents contribute a large fraction of genes to the next generation, effective population size is reduced, leading to higher rates of inbreeding, more rapid loss of genetic variation, and reduced efficiency of natural selection.
Although this eco-evolutionary trade-off has direct relevance to both theoretical and applied ecology, it has received little attention in the literature. However, an interesting and related effect was recently discussed by Pertoldi et al. (2007) . Basic ecological theory (e.g., Taylor 1961) predicts that as population size increases, variance in N also increases at a moderate rate, described by a variance-mean scaling factor b. If the variance increases unusually fast with increasing N (large b), harmonic mean N can decrease even when the arithmetic mean N increases. Long-term effective size is a function of harmonic mean N e , so evolutionary processes could be compromised in a population with high variance in N, even as mean abundance increases. A higher mean N generally reduces demographic stochasticity and associated risks, so this suggests a trade-off between ecological and genetic risks that has some similarities to that described here. However, there are some important differences as well. First, the tradeoff we describe applies to correlations between population size and productivity among years within a generation, whereas the phenomenon described by Pertoldi et al. (2007) arises from variation in N and N e across multiple generations. Second, the variance-mean scaling effect leads to implicit trade-offs even if only demographic factors are considered, since most population viability models depend heavily on the variance as well as the mean of population size and growth rate (Beissenger and McCullough 2002, Morris and Doak 2002) . Nevertheless, these two related (and only recently described) phenomena suggest that it could be profitable to more closely examine the genetic/evolutionary consequences of population dynamic processes, as ecoevolutionary trade-offs might be more prevalent than has been appreciated to date. N eH as a proxy for N e Across all populations, medianÑ e /Ñ eH (0.94) was less than 1, indicating thatN eH has a slight tendency to overestimate true N e . This pattern, also observed in simulated data (Waples 2002 (Waples , 2006 , is attributable to ocean-type populations, as medianÑ e /Ñ eH for steamtype populations was 1.01 (Table 2 ). In both life history types, two-thirds of the populations have multigenerationN eH within 20% ofÑ e . None of the population-level factors we considered had much influence on multigenerationalÑ e /Ñ eH , presumably because they had similar effects on both the numerator and the denominator of this ratio. This suggests thatÑ eH might be a reasonable proxy for true N e for a wide range of conditions, at least in chinook salmon and species with similar life history traits. Although Eq. 4 is useful heuristically for identifying the relationship between single-generation N e /N and the covariance of N i and population growth rate, we found that the estimatorN e k did not perform as well asN eH .
Relevance to other species
Three major factors will determine how important the phenomena discussed here are for other species. First, semelparous species should be most strongly affected, because their lifetime genetic contribution results from a single season of reproduction. In iteroparous species, reproductive output is integrated across multiple years, which should at least partially buffer effects of variation in mean reproductive success in individual years. However, these effects are likely to be important in any species that experience highly variable recruitment success, environmentally driven recruitment, or other boom-and-bust cycles, including plants such as pinyon pine (Chambers et al. 1999) , desert annuals (Venable 2007) , and many marine organisms, such as krill (Brierley and Reid 1999) .
Second, variation in age at maturity is necessary; otherwise, all individuals within a generation are characterized by the same mean reproductive success. Notably, many species subject to boom-and-bust cycles also exhibit variable age at maturity. Diapausing zooplankters, (e.g., Daphnia spp. [Caceres and Tessier 2004] , copepods [Hairston and Munns 1984] , and fairy shrimp [Bohonak and Whiteman 1999] ) are prime examples, as are desert annuals with seeds that germinate in years with higher-than-average rainfall. Other species, including plants ( Shem-Tov et al. 2002) , sponges (Harrison 1974) , stoneflies (Zwick 1996) , and rotifers (Pourriot and Snell 1983) , maintain variable age at maturity by maintaining a seed or germ bank as an apparent bet-hedging strategy against catastrophes (Evans and Dennehy 2005) .
Finally, for this phenomenon to be important there must be tight coupling between variation in N and variation in k. This coupling does not occur in all semelparous species; the key is whether density-dependent population regulation occurs in a way that affects individual cohorts as a unit (Waples 2006) . In annual plants with seed banks, for example, population size of mature individuals can vary dramatically from year to year, depending upon the number of suitable sites for germination (Nunney 2002) . However, the crop of seedlings drawn from the seed bank is produced by parents in many previous years; therefore, a boom-orbust year for germination will affect the lifetime reproductive success of individuals that flowered in several different prior years. This serves to dampen extreme fluctuations in productivity across years and helps to minimize reductions in N e . In Pacific salmon, in contrast, the primary factors that determine population size often act on single cohorts, in either freshwater rearing environments or early stages of marine life. Under these conditions, mean reproductive success of breeders in a particular year can be strongly influenced by events in a single subsequent year, leading to a high variance in k and reductions in N e . Interestingly, from the perspective of population regulation, monocarpic perennials that produce vegetative rosettes that flower at a variety of ages (such as the century plant, Agave americana) are more similar to Pacific salmon than they are to annuals with seed banks. Monocarpic perennials that successfully germinate in a given year represent the entire reproductive output of the plants that flowered (and died) the previous year (Metcalf et al. 2003) . In these species, therefore (as in Pacific salmon), conditions that favor unusually high or low germination rates in a given year directly affect the lifetime reproductive success of an entire year of breeders, which are functionally equivalent to a group of mixed-age Pacific salmon that spawn and die in a particular year.
More broadly, results presented here lend support to the emerging idea that many key issues in population ecology and conservation are eco-evolutionary in nature and require joint consideration of ecological and evolutionary processes. If we accept the argument of Kinnison and Hairston (2007:444) that ''population persistence through space and time depends on ecoevolutionary dynamics that arise through interactions of evolution, its fitness consequences and population abundance,'' it follows that these factors should be considered jointly in management activities such as establishing minimum viable population sizes, setting targets for harvest, and designing captive breeding or translocation programs. Data presented here document an evolutionary effect that can increase risks to populations but would not be detected from analysis only of population abundance data. It seems likely that similar eco-evolutionary interactions or trade-offs affect more species than has been appreciated to date.
